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CHAPTER 13 

Problems o$ Biochemical Structures 

by Ralpn W. G. Wykof 

The distinction between organic and biological chemistry becomes 
progressively fess sharp as chemists learn to establish the mofccular 
configurations and to synthesize more and more of the constituents of 
living matter. During the past generation ruch complicated natural 
products as stcrols, alkaloids and antibiotics hove been ynthcsizcd, 
as well as many derivatives which nature has not had occasion to make. 
From rhe standpoint of X-ray diffraction analysis the line between the 
organic and the biological has also become increasingly blurred as our 
more powerful tools have been able to establish molecular structures too 
difficult for the unaided chemistry of today. Nevertheless it remains 
worthwhile to consider as a group apart those native products we have 
not yet learned to prepare in the laboratory; and this is the field to bc 
treated in the prcscnt chapter. 

The extrcmc complexity of living matter made it incvitablc that 
knowledge of what it is should lag far behind our understanding of the 
inanimate world. Biochemistry, and now our X-ray techniques arc 
giving a rapidly increasing insight into the molecular composition of 
plants and animals-but thii is not in itself enough. In all but the 
simplest manifestations of life, elaborateness of organization is as 
striking as compIexity of chemical composition, and knowledge of this 
organization is an essential part of any understanding we may acquire 
of the mechanism of life. It is a basic problem of the biophysics now 
emerging to ascertain the details of this organization, which often 
involves an order in moIecufar arrangement that X-ray diffraction can 
effectively interpret. We can no longer summarize in a few pages what 
is now known of this natural order; instrad we shall srrk to review the 
growth of our appreciation of the value of X-ray methods and the 
appearance of other methods that have come to supplement the 
information .X-rays can give. 

Biology in its development over the last century has shown how cells 
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are organized into tissues and how ia, PRW Ipighur :u~imals thcsc tissues 
are associated into the organs whose ewpr:ttv IiTc brcomcs that of 
living individuals. Until the advent of S-r;ty tlillraction it was 
generally considered that, excrpt for ted) ~rucl bones, these ingredients 
of living matter were amorphous, gel--like culloids and that conse- 
quently structures showing order in arrangement were scarcrly to be 
expected al and below the cellular Irvd. Discovery of how rare was the 
amorphous condition even among cohids WIS one of the important 
early consequences of X-ray diffraction. 

As a result, many of the fibrous colkdd.~ of biology were examined 
during the 1920’s and found to give diff&:ion effects pointing to a 
partial crystsllinity or a definite but sub-crystalline order in particle 
arrangement. This was true ofsuch wiclrly diverse substances as animal 
hair and birds’ feathers, tendons and other connective tissues of 
animals, and ccllulosic fibers from nil aocts of plants. In general the 
diffraction phenomena were too fragmentary to provide a satisfactory 
picture of the kinds of order rcsponriblc for them but they were the 
basis for a continuing study of these natural products. It was during 
this period that Henog fostered the application of X-ray methods in 
his institute for cellulose! research, that Sponsler suggested that 
cellulose was a parallel packing of polysaccharide crystallitrs and thut 
somewhat later Meyer and Mark gave a first crystalline interpretation 
to the X-ray pattern of ccllulosc. At this time, too, Astbury began the 
rtudics centcrcd around hair and wool which, procrcding unintcr- 
ruptcdly over the next thirty years, have contributctl so much of the 

foundation upon which an intimate knowledgc of pmtrin structure is 
now b&g built. Kitt2’ observation that rubber yirlds an oricntcd 
crystalline diffraction pattern only a[tcr stretching demonstmtcd how 
X-rays could rcvral rcversiblc: molecular rearrangements; this ex- 
Wment was a prototype for many of the most rewarding subsequent 
studies of fibrous structures. 

Such exploratory examinations of natural fibcn were actively 
continued and broadened throughout the 1930’s. Especially significant 
for the future were Astbury’s demonstration of the alpha, beta and 
mpcontracted statrs of the kcratin-like fibrous proteins and the way 
thq pass from one to another. He pictured this in terms of the coiling 
ofpeptide chains which forecast the spiral models we have now come 
to consider as underlying all protein structures. 

The work of this period also developed a clear distinction between 

I. 
’ fibrous and globular proteins and the diff&-cnt types of molecules 
rctponsible for each. As they occur in nature the fibrous proteins are 
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insoluble whereas the proteins we designate as globular function in 
solution. The latter can often be crystallized in the laboratory and 
these crystals have the same regularities in external form and the same 
optical characteristics as the crystals of simple substances. The ultra- 
centrihigal investigations initiated by Svedberg in the middle 19’20’s 
dcterminrd their mofccular weights and led to the discovery that their 
enormous molecules were more or less globular in shape and had the 
same uniformity in size that prevails among small molecules. When tfrc 
still iargrr virus proteins came to bc recognized the ultraccntrifugc 
demonstrated thrir molecular uniformity and supplied a new way to 
purify them as well as otflcr substances too unstable to bc handfcd 
without damage by the existing chemical procedures. 

Several attempts to obtain diffraction pnttcrns from crystals of 
globular proteins were made early in the 1930’s. At first thcsc met 
with mediocre BUCCCU, iargcly bccausc of the enormous amounts of 
watrr in the crystals studied and the case witfr wftich tflis water and 
the crystalfinc structure are lost. With time, Irowcvrr, conditions wcrc 
cstabiishrd for the preparation of photograpfls from substantially 
undamagrd single crystals. Their patterns contained thousands of 
reflections and were cvidentiy caused by the same kind of tflrce- 
dimcnsionnl regularity that prevails in cf~cmically simple crystals. They 
indicated the exp~rimcntnf basis fbr an ultimate drtcrmination of 
atomic arrangement while at the same time emphasizing the magnitude 
of the task. Pcrutt began his iifclong study of crystalline flrmoglobin at 
this time. The success now bring achicvrd is ovcrwhclmingfy clue to his 
skill and perseverance in what must often have sccmcd a hopeless task, 
as well as to W. L. Bragg’s scientific and m;\tcriill support over tflo 
ycan. This success is a triumph ofpcrsistcncc and Gth which is doubly 
noteworthy now when research projects which do not offer an assured 
and quick result arc rarefy able to survive even whrn they can bc 
begun. 

Though the fibrous proteins dealt with during the prc-war ycan did 
not yield the many X-ray data obtainable from globrkw proteins, the); 
did provide much knowledge upon which striking post-war ;\dvanecs 
have been based. Chemical work suggested that most fibrous solids 
could not be put into solution and then rcconstitutcd the way ;I 
globular protein can be repcatcdly dissolved and rc~cryst;&zcd; and 
ultraccntrifugation ofsolutions obtnincd from wool. c~lllhs~ and otlwr 
fibrous materials revenfcd non-uniform part&s that could best br 
intcrpretcd as molecular fragments. X-ray rxpcrimcnts tn;& iit this 
timr on rrconstitutcd collagen were chicfly import;mt in sI1owing th;rt 
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such was not necessarily the case. Precipitates from dissolved tendon 
gave the same X-ray patterns and thus wcrc essentially the same as the 
native product. The preparation of molecularly ordered structures in 
the laboratory as suggested by these and analogous experiments with 
cellulose has since Icd to a wide extension of our knowledge of fibrous 
substances. 

After the war the X-ray study of the biologically important proteins 
experienced the same stimulus as did other pflascs of crystallography. 
There have been a number of reasons for this, not the least of whicfl has 
been a more genera1 appreciation of the importance of crystallography 
itself. In its wake has come increased financial support for the many 
new workers who have turned to this field. Other factors that have 
contributed to the current rapid growth of our knowledge of biological 
structure have been the introduction of improvccl techniques of X-ray 
expcrimcntation, of computers able to dcai with the great masses of 
data thcsc improved methods have made possible and of several new 
and complementary sources of information such as chromatographic 
amino acid analysis and electron microscopy. ‘I’hesc methods have 
contributed very differently to the understanding we have of the 
structures of various biological solids and it is important to see what 
these contributions have been if WC are to appreciate how our under- 
standing has cxpandetf. The order we find in such solids is of diffcrcnt 
kinds and our methods are not equally ctfcctivc in dealing with them. 
There is either (1) a true crystallinity which cxpresscs itself as a 
three-dimensional regularity in molecular arrangcmcnt, (2) a para- 
erystailinity consisting of one- or two-dimensionally rcpcated molecular 
packings such as are shown by the fibrous proteins or (3) repetitive 
atomic distributions within individual molccufcs. In general X-ray 
diffraction is most cffcctive where the order is greatest while the 
electron microseopc, for instance, has been most helpful where the 
ordering is less than crystalline. Thus it is the electron microscope 
rather than X-ray diffraction which has rrvralrd the laminations of 
the lipoidal sheats of myelinated ncrvrs and the chloroplasts of plants. 
The contributions of X-ray diffraction and ofclcctron microscopy have 
been more equal for the nucleic acids. Neither tflcy nor the nucleopro- 
teins arc known to furnish naturallv occurring or&red solids but in the 
laboratory nucleic acidsso[lletililrsRi~r S-rav‘fibrc diagrams analogous 
to tk~e obtained from the fibrous proteins. Both the uftraccutrifuge 
and the cfcctron microscope show thcsr acids and proteins to have 
thread-like molecules of indefinite lengths and WC may expect their 
solids to be parallel aggregates of these filaments. Chemical analysis 
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shows that ail nucleic acids consist of linear associations of a few 
nuclcotidcs somewhat as the polypeptide chains of proteins are 
strings of amino acid rcsiducs. Following the success of Pauling and 
Corey’s helical structure for proteins, Watson and Crick have proposed 
an analogous linking of nuclrotides as the basis for nucleic acids; and 
such a chaiu is compatible with the limited X-ray data existing prc- 
parations can supply. The visibility of individual filamcntow molcculcs 
of nuclric acitls under the electron microscope makes it certain that 
combined X-ray and microscopic studies will be increasingly fruitfttl 
as WC learn to grow specimens with better molecular ordering. 

Cclh~losc is in some respects a most promising and in other respects 
onr of tlic most tlisnppointing of natural fibers. Its promise lies in the 
richness of the S-ray data it o!tetr yields. It is disappointing in the 
sense that we are more dcpcndent on natural products for experimental 
material than is the case with aomc of the fibrous proteins; the crystal- 
linity of derivatives made in the laboratory is not yet sunicicnt to 
provide all tltr clata required for rl thoroughgoing (Ictcrmination of 
structure. Natural ccllulosc, however, illustrates in an intrrcsting 
fashion thr dilfrrcnt kinds of order that have been mcntioncd. Its 
elrmcntary particles as seen under the electron microscope arc 
indcfinitrly long fibri!s that commonly have a diameter of ca. 200 A. 
Each of these is madr up, in part at Irast, of minute crystallitcs whose 
atomic arrangrmrnt is rcsponsiblc for tltc sharp X-ray rcflrctions WC 
observe. Since tltc original proposal of structure by Meyer aud Mark, 
thrse rrflrctions hnvr been tninle the’ cxprrimcntal basis for atomic 
arrangrmcnts nssigncd to a numbrr of forms and drrivativrs of 
~~ll~!ose but wr nerd many more clata to tltitke tlrcse clctcrmitlr~tiolrn 
complete. In the secondary walls of plants the elementary fibrils arc in 
parallel arrays. Some information about them was early gained from 
X-ray fiber diagrams but by portraying each particle separately, the 
electron microscope has superceded diffraction as the tool for in- 
vrstigating such arrays. It not only has sltown the fthrillnr arrangcmcnt 
but has told much about how crllular activity crratcs and orients the 
fibrils themselves. 

, 

Most has been learned about the orc!cr that prevails in protein 
solids. Though we can sometimes see thr molecular arrangctnent in 
protein crystals with the rlectron microscope, the drvcloping power of 
X-ray methods to establish complete atomic arrangements makes them 
prermincnt. With the paracrystallinc fibrous proteins the X-ray data 
are less complete while the electron microscope h;rs more to show about 
their molecuhrr architecture. 
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The early X-ray work of Astbury and others resulted in a natural 
classification of the fibrous proteins. To one group belong the kcrati- 
nous proteins suc11 as those which constitute tile skin and horny 
structures of mammals, the fcatlters of birds, the scales of rcptilcs and 
the flagella of some bacteria. Mammalian kcratin normally gives 
what &bury called the alpha-kcratin X-ray pattern. Thcsc kcratins 
elongate on strctclring and then give the different, beta-keratin, 
pattern which is also produced by avian and reptilian kcratin. Reta- 
ktratin will return to its original alpha form when tension is rcleascd 
(under suitable conditions) and all keratin can be made to shrink to a 
supercontracted state still more shortened than the alpha. Rcccntly 
there has been wide interest in showing that this bchaviour of kcratin 
and relatctl fibrous structures is compatible with the hclicalpotypcptide 
model of Pauling and Corey. With the electron microscope ont can set 
the elementary fibrils of such keratinous solids as wooI, but the 
imperfect order of their arrangement automatically restricts the 
information this instrument cafe give. 

The collagenous proteins arc very diffrrent from kcratin both in 
X-ray fiber diagram and in physical and chemical characteristics. 
They are not, like kcratin, extensible and they yield solutions from 
which solids showing high degrees of molecular ordering can be 
precipitated. Sometimes this order is the same as that observed in 
nature, under other conditions it is equally good but different. X-ray 
diffraction has rupplicd information about this order as it exists in 
tendon and also about repetitions witllin tftc separate fibrik but 
during tlie post-war years the application of the electron microscope 
has contributed 6rr more to our knowlcdgc of both tht intra- md 
inter-fibrillar order of these scvrra! polymorphous forms of collagen. 
An interpretation of what has been learned is now becoming feasible 
with the help of knowledge of the amino acid sequences in the poly- 
peptide chains from which the molecular filaments are built up. The 
chromatographic analysis has shown that along the polypeptide chains 
ofcoIIagen every third residue is glvcinc and that hydroxyproline is its 
second most numerous amino acid constituent; and WC can in a genera1 
way picture how reactions involving mainly this residue could rcsuIt in 
the several ordered molecular .assocbtions we observe. Making use of 
these amino acid distributions a molecular structure involving three 
intertwined Patding and Corey polypeptide hcliccs has recently been 
proposed which is compatible with what is now known about collagen. 
Such semi-speculative molecular models as this, like the analogous 
Watson and Crick model for nucleic acid, arc of great assistance in 
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thinking about these cxcccdingiy complex ingrcdicnts of living matter 
and in correiilting their properties. They are not firmly estabiishcd by 
existing data but the cumulative weight of the comparisons to be made 
between such models and expcrimcnt will with time give a clearer 
indication of their validity cvcn though the prospect of obtaining 
enough X-ray data Tar complctc structure determinations is at present 
vrfy poor. 

hlusclc is a fibrous tissue whose order, even more elaborate than 
that of collagen, cannot be inferred from its X-ray diffractions but is 
being reveaicti in detail by the electron microscope. More than one 
kind of fitamrntous molccuic can thus be seen in intact muscle, distri- 
buted rrgularly with respect to one another in an almost crystalline 
array. Muscular contraction pntcntly involves interaction between 
thcsc ordcrcd clrmrnts of an especially complex ‘a~ulticornponct~t 
crystalline structure, anti electron microscopy has been giving mount- 
ing insight into how muscles work. As would :bc cxpcctcd from the 
different sizrd molecular filaments seen in muscle, several fibrous 
proteins can be obtained from it; and aficr separation from one 
another they furnish ordered, almost crystalline solids whose study is 
usefully supplementing what can be seen in muscle itself, 

The intimate knowtcdgr now being acquired of the crystal structures 
of hemoglobin and myogiobin and the corrcsponcling advances being 
made with other globular protrins, notably ribonutieas~, is, as 
already inilicatrd, the culmination of a grncration’s clevctopnr~nt 01 
S-r.ay mrthtrls and thr lint step towards an entirety new undcr- 
standing of protrins as the substrate of all iifc. To apprcciatc the 
significance of thcsc determinations of structure we need to take note of 
the stages through which their analysis has procccdcd and the new 
techniques that have made each advance possible. The pre-war 
studies of hemoglobin demonstrated its essential crystailinity and the 
availabilitv of the experimental widencc rcquirett for a deeper pene- 
tration into its structure. Thr very richnrss of these data, however, 
brought new awl formidable problems. Thus the precise measurement 
and identification of the mnrr than ZOCNW~ rr&ctions that can he 
obtained from the crystals of a protein rcquirrtl S-rily cquipmrut that 
did not exist before the war and demanclrd a mass of routinr mcasurr- 
mcnt never before encountered in the course of cr)stallop;raphic work. 
hfethods of manual computation wrtc complrtt-ly unable to deal with 
the data thus produced and accordingly advilnce in this fit*id could 
only follow the development and availability of high rpwd wuputcrs. 

The early determination of thr dimcusions of the unit ccl1 srt certain 
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limitations on the shape of the hemoglobin and myoglobin moieculcs 
, but progress towards a dircdt deduction of structure hinged on being 

i able to find the correct signs for measured structure factors. This 
involved using the heavy metal isomorphous rcplacemcnt tcchniquc 
that bad already led to complete structures for scvcral complicated 
organic crystals, It rcquircd in this case the introduction into the 
protein molecule of mercury or other heavy atoms without damage to 
the motccule as a wbolc or a change in the molecular distribution 
within the crystal, Much diflicutt chemical work was necessary to 
accomplish this but the success that has been achieved in making thcsc 
metal substitutions augurcs well for future advances involving other 
crystalline proteins. In the case of hemoglobin and myoglobin, 
analysis of the data from the native protein and its dcrivativer Icd to 
knowledge of an increasing number of signs and thus to Fourier 
summations that pointed to important atomic concentrations within 

t a’ the volumes occupied by individual molecules. The more detailed step 
of passing from such gcncral, preliminary ideas of molecular shape to a 
picture of the way the variour potypcptidc chains are distributed and 
interconnected has been made by taking advantage of two other 
sources of information. One of thcsc, to which WC have already referred, 
was compfetc chemical analysis to establish the amino acid rcsiducs 
present in these substances and their srqucncc in the polypcptidc 
chains; the other was use of the alpha helix of Ihuling and Corey to 
assign configurations to thcsc chains. In this way probable structures 
coutdIclimitedar~ddircctattacksconti~ued.’I’hcintrrp!ayofti~esepr~ 
ccdures has led to structures first for the chemically simpler myoglobin . 
by Kcndrew and his co-workers and now for hemoglobin. Though they 
do not yet define the exact positions of all the thousands of atoms in a 

’ unit ccl1 they already give very probable pictures of the spatial 
. distribution of the various amino acid residues in the molecules and 

undoubtedly soon will define these atomic distributions more 
closely. Probably before long we will have a correspondingly detailed 
knowledge of ribonuclease and perhaps of other globular protein 
crystals. 

The scientific importance of these results for an understanding of 
Proteins is obvious but thev arc equally important as an incontrover- 

t tible justification of the la&e amounts of work and money they have 
entailed. They make it clear that other proteins can bc similarly 
a=dytcd and at a fraction of the cost in time and money that have 
gone into these first structures. SUCK protein analysrs will always 

.. rquire programmes having assured support for ;t group of workers over a 
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number of years but we may now be sure that, given this support, the 
job can be done. It seems inevitable that the analyses of myoglobii and 
hemoglobin are but the fkt steps in an intensive rtudy of protein 
structure which can scarcely fail to advance in unpredictable and truly 1 
revolutionary ways our knowledge of the mechanism of iik. 

. . 


